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Abstract –  
 
This paper reports new application of new Transmission X-ray Microscopy powered by 
a synchrotron source for the study of aqueous based clay suspensions.  This paper 
delineates the advantages and limitations of this method. The tested Transmission X-ray 
Microscopy (TX-rM) technique has shown good agreement with the cryo-stage SEM 
technique. The theoretical resolution limit of the TXM technique is 60 nm and clay 
particles with diameter below 500 nm are clearly visible and their pseudohexagonal 
symmetry is recognizable in detail. It is clearly demonstrated the methodology of 
implementing TX-rM to study aqueous based clay suspensions that are close to ~60 nm 
tomographic resolution. The technique enables us to study discrete structure of clay 
suspensions in water and within aggregates. This has never been previously possible. 
Larger crystals, more compact aggregates and less colloidal fraction present in kaolinite 
from Georgia has impact on faster settling and gelling in denser suspension than for 
Birdwood kaolinite in which colloidal particles create gel-like networking in less dense 
aqueous suspension. 
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Introduction 
Clay mineral suspensions display specific and diverse properties which have been 
used by humans from the beginning of time [1, 2]. It is important for many industries to 
understand and utilize their unique behavior. One of the important factors which 
determine the properties of clay suspensions is the way in which particles interact with 
each other. This suspension structure determines the whole three-dimensional matrix 
and textural fabric of the clay-water medium [1, 2]. Clay suspension structures can be 
extremely diverse, dependent on mineral and aqueous phase composition as well as 
external factors like temperature, pressure, sonic and electromagnetic interference. 
 
Structural arrangement of clay particles in aqueous suspensions and in sediments 
have been studied using various microscopic techniques [3]. Because clay particles are 
often colloidal in size (below 0.5 µm), the Scanning Electron Microscope (SEM) is a 
popular choice in many studies [3, 4]. As SEM examinations are conducted in a 
vacuum, the suspension has to be either lyophilized (by water sublimation) or vitrified 
in liquid nitrogen and subsequently studied under cryo SEM [5, 6]. In an effort to find a 
technique which allows us to study clay suspension structure in natural water based 
environments, without any physical changes like sublimation or vitrification, we 
employed the relatively new technique of Transmission X-ray Microscopy (TX-rM). 
 
This paper reports the first attempt to study aqueous based clay suspensions using 
Transmission X-ray Microscopy (TX-rayM). This paper attempts to show how 
synchrotron TXM can be used to study clay suspensions and to show what experimental 
outcomes that can be expected and what are the limitations of these experiments.  Because of 
the flux limitation his technique based on traditional X-ray sources until now has been 
applied to study internal structure of objects with resolution to few µm. Such resolution 
is not adequate to study clay minerals where particle dimensions lie below 2 µm. Recent 
development of the TX-rayM powered by the synchrotron source at the National 
Synchrotron Radiation Research Center (NSRRC) in Taiwan gave us opportunity to 
image clay aggregate structure in water suspension for the first time. The paper 
elucidates the advantages and limitation of this method. Transmission X-ray microscope 
can operate with better than 60 nm spatial resolution in two dimensions (2-D), and 
tomographic images at close to 60 nm resolution (3-D) [7]. 
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Experimental Section 
 
Microscopy 
The microscope has been installed at Beamline BL01B of NSRRC with a 
superconducting wavelength shifter source, which provides a photon flux of 5 x 1012 
photons/s/0.1 % bw in the energy range 5-20 keV. X-rays generated by a wavelength 
shifter are primarily focused at the charge coupled detector by a toroidal focusing mirror 
with focal ratio nearly 1:1. A double crystal monochromator exploiting a pair of Ge 
(111) crystals selects X-rays of energy 8-11 keV. After the focusing mirror and Ge(111) 
double crystal monochromator, the X rays are further shaped by a capillary condenser. 
Its entrance aperture is about 300 µm, with an end opening about 200 µm and is 15 cm 
long. This capillary condenser gives a reflection angle of 0.5 mrad with respect to the 
propagation direction. The condenser intercepts the impinging X-rays and further 
focuses them onto the sample with a focusing efficiency is as high as 90% due to the 
internal totally reflecting nature inside the capillary. The zone-plate is a circular 
diffraction grating consisting of alternating opaque and transparent concentric zones. In 
the microscope, the zone-plate is being used as an objective lens magnifying the images 
44x and 132x for the first order and third order diffraction mode, respectively. 
Conjugated with a 20x downstream optical magnification, the microscope provides total 
magnification of  880x and 2640x for first order and third diffraction order mode, 
respectively. The phase term can be retrieved by the Zernike’s phase contrast method 
being introduced in light microscopy since 1930s. The gold-made phase ring positioned 
at the back focal plane of the objective zone-plate retards or advances the phase of the 
zeroth-order diffraction by π/2 resulting a recording of the phase contrast images at the 
detector. The set up of the TX-rM is extensively described in [7]. 
 
The clays 
 
The material used for this study was commercially available K15GM kaolinite from 
Birdwood in South Australia [5, 6] and Georgia kaolinite, KGa-1 [8]. The latter was 
obtained from the Clay Minerals Society; and has been fully characterised. High-purity 
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water was produced by the following sequential treatments: reverse osmosis, two stages 
of mixed bed ion exchange, two stages of activated carbon treatment and a final filtering 
step through a 0.22 μm filter. The conductivity was less than 0.5 μS/cm with a surface 
tension of 72.8 mN/m at 20 °C. For particle fixation in suspension to prevent particles 
from sedimentation under gravitation forces and Brownian movement, gelatin from 
porcine skin purchased from Sigma, has been used. Gelatin addition to the clay 
suspension was 1.5 wt %. 
Clay suspensions 
Dry kaolinite was mixed with aqueous 10-3 M NaCl electrolyte at high solid content 
by shaking in a SPEX mill for 5 min. The slurries were then diluted to the required solid 
concentrations (4 wt.%) and stirred for 2 h using a magnetic stirrer. The examination of 
solutions at natural pH (~8.5) 2-dim (2-D) was conducted on 100 µm thick kaolinite 
suspensions placed in frame and covered by Kapton tape windows. The 3-dimensional 
(3-D) tomography examinations were conducted on kaolinite suspensions inserted into 
150 µm diameter Kapton capillaries. 3-D tomography was reconstructed based on 141 
sequential images taken in first order diffraction mode with azimuth angle rotating.  
 
For the microstructural studies of the suspensions, cryo-transfer method of sample 
preparation was used to avoid structural rearrangement caused by surface tension during 
oven or room temperature drying. The vitrified samples were kept in a frozen state and 
placed onto the liquid nitrogen cooled specimen stage of the Philips XL30 Field 
Emission Gun Scanning Electron Microscope with Oxford CT 1500HF Cryo-stage. The 
samples were fractured under vacuum and sublimated after which they were coated with 
gold and palladium to a thickness of 3 nm. The samples were then examined in the SEM 
using a cathode voltage of 5 kV. 
 
Results and Discussion 
 
Figure 1A shows an SEM high resolution micrograph of a colloidal size kaolinite 
crystal. This crystal is about 200 nm in lateral dimension, about 20 nm thick and 
displays pseudo-hexagonal symmetry. The high resolution 2-D TX-rM micrograph (Fig. 
1B) shows similar colloidal size kaolinite crystals which adhere to the surface of the 
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Capton © tape. These crystals display a clear grain boundary and show a similar 
morphology and symmetry as displayed in the SEM micrograph. These crystals are 200 
to 900 nm in diameter and are organized in edge to edge (EE) coagulated aggregates. 
Because particles were immobilized on the tape surface, sedimentation and Brownian 
motion did not affect the focus and were not even close to the microscope resolution 
limit. These aggregates are clearly defined. 
 
In micrograph (Fig. 1C) the image was taken from inside a water suspension of 4 wt % 
clay mass density. This micrograph shows effect of Brownian motions influence 
unsatisfying clarity of picture and being evidence that this limits method when studying 
low density suspension where particles may mowing during exposition time. However 
for a trained microscopist who is familiar with clay mineral morphology this picture is 
sufficiently clear and may complement knowledge obtained using by different 
techniques. The large flake is visible and the dense network of colloidal particles is 
arranged in (EE) sponge like porous structure. Similar chains of (EE) organized 
particles have been described from cryo-SEM investigations [5, 6] where particles, start 
to form elongated flat aggregates which link together and form a three-dimensional 
spongy structure. In the case of Birdwood kaolinite, individual particles and (EE) 
oriented clusters interact by attracting each other towards their edges and repelling by 
basal planes building an expanded, extremely voluminous cellular network composed of 
sheet-like platelet assemblages. Such an extended network may fill the entire volume of 
a vessel; in such a case the suspension is referred to as being gelled. 
 
The colloidal size crystal boundaries, easily observed by the trained eye, are 
apparently less clear in this micrograph most probably because of Brownian motion 
which affect to a larger degree smaller particles than the larger crystals from the coarser 
fraction. It should also be noted that the dimension of observed clay particles lay close 
to resolution limit of this microscopic technique. The other limitation found during 
tomographic examination was with the long focal length (50 µm) when inside a dense 
clay suspension, where many particles may obscure the reference crystal chosen in the 
axis of image rotation. The high focal length makes many particles in thick suspension 
being viewed simultaneously in focus in effect particles will obscure each other which 
may have negative impact on image clarity.  
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Limitation derived from particle motions have been partially overcome by addition 
of gelatin which immobolise particles by its high viscosity in an aqueous medium. 
Gelatin addition will influent colloidal interaction and cause particles flocculation in 
suspension but discussion on this subject is beyond the scope of present article. The 
addition of gelatin whilst immobilizing the clay particles to limit the thermal motion 
may alter the clay structure. Nevertheless the ability to use TXM to study clay particles 
and aggregated in situ whilst suspended in an aqueous medium is a major advantage of 
the technique.  Another limitation involved the long focusing length. Because 
significant number of particles on distance of 50 µm became in focus they may obscure 
each other which may unable to proceed with tomography procedure. This limitation is 
more difficult to contend and the only solution to this problem is to significantly lower 
the suspension density. But after lowering density of suspension individual particles are 
subject to faster sedimentation. Addition of gelatin also may help to overcome this 
problem. 
 
Low density aqueous suspension (0.5 wt%) thickened by gelatin has been 
investigated and the most important finding was the absence of particles connecting in 
the spanned network. Instead of network separate aggregates have been observed and 
shown as in Fig. 1C. In this kaolinite aggregate, colloidal clay platelets and stacked 
crystals up to 5 µm in dimension are organized in (EE and EF) orientation. In effect the 
clay dilution particle network has been fragmented and aggregates with kaolinite stacks, 
like observed in TX-rayM mosaic micrograph (Fig. 1D), and flakes up to 20 µm in 
diameter of mostly face to edge orientation were produced. These aggregates settle fast 
and would not be possible to investigate these aggregates with TX-rayM without 
application of small amount of gelatin. 
 
In sample (KGa-1) a few µm in dimension stacked kaolinite crystals, are more 
common then in the Birdwood kaolinite where stacks are small. In Fig. 2 two 2-D TX-
rM micrographs shot from different angles reveal aggregates consisting of randomly 
connected stacked kaolinite crystals 2-4 µm in dimension. Stacks show distinctive 
lamination 150 nm thick and randomly contact each other through rugged edges. 
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Individual platelets up to 2 µm in diameter were observed. No colloidal size particles 
have been found. 
 
A snapshot from 3-D reconstruction of TX-rM of a Birdwood kaolinite suspension is 
demonstrated in Fig. 3 where a dense network of colloidal kaolinite particles supports a 
larger kaolinite stacked crystal of few µm in lateral dimension. The reconstruction may 
be not giving very impressive picture as compared with other well established 
techniques such as SEM, but enable us to examine clay aggregates through water, which 
has never been previously possible. Individual colloidal size particles are not visible in 
this picture magnification (they are well visible in higher magnification, Fig. 1C) 
however distinctive string-like spongy and highly oriented structure is visible when 
carefully observing this reconstruction (Fig. 3) and especially in 3-D reconstruction 
when rotating this image which cannot be demonstrated here. 
 
Bench test presented in Fig. 4 supports the above findings and can be better 
understood from the aggregate micro-structure explanation. Test show distinctive 
differences in the settling behaviour between Birdwood (A) and Georgia kaolinite (B) 
suspension settling rate and bed thickness. The photographs were taken after two hours 
of settling. At a very low solid content 0.5 wt% individual particles and aggregates in 
both kaolinite samples are well dispersed and settle fast where, at the bottom of 
cylinders, gelling mass of porous aggregates from Birdwood kaolinite (A) and larger 
crystals in Georgia kaolinite (B) start forming a less compact bed in case (A) and more 
compact in case (B). When solid concentration exceeds a certain value the suspension 
gels and locks large and minute particles in the 3-D network leaving a clear solution in 
the supernatant layer. Again in denser suspension (2 wt%) which is gelled in case of 
Birdwood kaolinite sample (A) free settling is not observed but more or less restricted 
hindered compaction takes place. In meantime in the Georgia kaolinite sample (B) 
larger crystals and less porous aggregates settle faster and form much thinner bed than 
Birdwood kaolinite which is locked in gel.  
 
Conclusions 
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The tested Transmission X-ray Microscopy technique has shown good agreement 
with the cryo-stage SEM technique. The cryo-stage SEM technique displays better 
resolution and samples studied can be larger in diameter (in order of mm) compared to 
samples studied using TX-rM. Such a small sample thickness in the TX-rM technique 
has been determined by the low photon energy of the synchrotron source used. Another 
limitation we found difficult to avoid was the particle movement. As various surface 
forces act on colloidal size particles, clay particles in close proximity to each other are 
in constant movement which considerably impacts on the focusing ability. Also, studied 
particles should be small to avoid sedimentation which may take place during the 3 
hours duration of the tomography data collection. The small addition of gelatin can 
easily overturn this limitation. Also to prepare TX-rM to perform tomography of the 
clay suspension microscopy has to be aligned to axis of rotation. To do so one 
characteristic particle (reference particle) has to be viewed from range of angles and 
aligned to the rotation axis. When vision is obscured by other particles being in focus in 
the long focal length, this task is not possible and tomography on TX-rM cannot be 
performed. Working with low density suspension has been found to overcome this 
problem. 
 
In summary, we have demonstrated the methodology of implementing Transmission 
X-ray Microscopy with a synchrotron source to study aqueous based clay suspensions 
and the tomography databases that are close to 60 nm tomography resolution. This 
paper described the first ever attempt to perform nano-tomography on clay minerals 
using TX-rM and show snapshot from development of clay suspension study in aid of  
the synchrotron powered TX-rM, relatively new technique. Because Transmission X-
Ray Microscopy based on the synchrotron photon source is relatively new and is in 
rapid development, in this work we report the first attempt to study clay aggregate 
structure in an aqueous environment. The images may be not giving very impressive 
micrographs as compared with other well established techniques such as TEM, but 
enable us to observe clay aggregates within water. Such clay aggregates have never 
been previously observed. 
 
Colloidal clay particles in sample of Birdwood kaolinite show spanned sponge-like 
network in dense (2 wt%) aqueous suspension. This network has been fragmented after 
 10
dilution to 0.5 wt% suspension where compact aggregates few µm in dimension have 
been formed. Aggregates were consists of kaolinite platelets connected in (EF) and (EE) 
orientation and to prevent settling of these compact aggregates has been immobilised in 
dilute gelatine solution.  
 
Larger crystals, more compact aggregates and less colloidal particles present in the Georgia 
kaolinite causes faster settling and gelling with a significantly denser suspension as compared 
with that of the Birdwood kaolinite in which colloidal particles create gel-like networking in a 
less dense aqueous suspension. What is new in this methodology is that we the structure of 
aggregates through a water environment can be clearly observed.  This cannot be achieved using 
any other methods where the particle structure is obscured especially when water is removed 
from the sample or in Cryo-SEM technique by ice where only a 2D picture is possible.  In this 
TXM technique, for first time we observe the string like colloidal particle networking 
throughout.  This has been  predicted from other methods but never proved.  
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Figure captions 
 
Figure 1 Kaolinite crystals displays characteristic pseudo-hexagonal symmetry in 
(A)- SEM, (B)- Two Transmission X-ray Microscopy 2-D micrograph with 
flocs of colloidal edge to edge (EE) oriented particles, (C)- Birdwood kaolinite 
dense suspension show larger platelet immobilised in the network of colloidal 
size particles connected mostly in edge to edge (EE) orientation, small 
particles are not clearly defined its boundaries and partially obscure each 
other, (D)- Birdwood Kaolinite aggregate consisting of stacked kaolinite 
crystals and individual platelets connected mostly in edge to face (EF) 
orientation (aggregate is supported in gelatine aqueous solution).  
 
Figure 2 2-D Transmission X-ray Microscopy Two TX-rM 2-D images from 
tomography sequences show stacked crystals and large separate platelets with 
pseudo-hexagonal symmetry from different angle (Georgia kaolinite GKa-
1).micrographs kaolinite particles in aqueous suspension which display highly 
porous coagulated flocs oriented mostly in edge to face (EF) orientation. 
Particles partially obscuring each other. 
 
 
Figure 3 Snapshot from 3-D reconstruction of a Birdwood kaolinite suspension. 
Larger stacked crystal is entangled in the network of colloidal kaolinite 
platelets, characteristic string like network pattern can be observed. 
 
Figure 4  Bench test of different concentration of solids in Birdwood kaolinite (A) 
and Georgia kaolinite GKa-1 (B) samples in natural pH, solid mass 
concentration is marked on cylinders 0.5, 1, and 2 wt %. 
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